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Abstract A decadal-scale study to retrieve the spatio-temporal precipitation patterns of the Yangtze River basin,
China, using the Tropical Rain Mapping Mission, Precipitation Radar (TRMM/PR) data is presented. The empir-
ical orthogonal function (EOF) based on monthly TRMM/PR data extracts several leading precipitation patterns,
which are largely connected with physical implications at the basin scale. With the aid of gauge station data, the
amplitudes of major principal components (PCs) were used to examine the generic relationships between pre-
cipitation variations and hydrological extremes (e.g. floods and droughts) during summer seasons over the past
decade. The emergence of such major precipitation patterns clearly reveals the possible linkages with hydrological
processes, and the oscillations in relation to the amplitude of major PCs are consistent with these observed
hydrological extremes. Although the floods in some sections of the Yangtze River were, to some extent, tied
to human activities, such as the removal of wetlands, the variations in major precipitation patterns are recognized
as the primary driving force of the flow extremes associated with floods and droughts. The research findings indi-
cate that long-distance hydro-meteorological signals of large-scale precipitation variations over such a large river
basin can be successfully identified with the aid of EOF analysis. The retrieved precipitation patterns and their
low-frequency jumps of amplitude in relation to PCs are valuable tools to help understand the association between
the precipitation variations and the occurrence of hydrological extremes. Such a study can certainly aid in disaster
mitigation and decision-making in water resource management.
Key words precipitation patterns; TRMM/PR data; empirical orthogonal function (EOF); hydrological extremes
Régimes pluviométriques et phénomènes hydrologiques extrêmes associés dans le bassin du fleuve
Yangtze, (Chine), en utilisant TRMM/PR et l’analyse EOF
Résumé Cet article présente une étude à l’échelle décennale pour reconstruire les régimes spatio-temporels
des précipitations sur le bassin du fleuve Yangtze, en Chine, à l’aide de la mission de cartographie des pluies
tropicales par radar de précipitations (TRMM/PR). La fonction orthogonale empirique (EOF) sur la base des
pluies mensuelles TRMM/PR propose plusieurs régimes principaux de précipitations, qui sont largement reliés à
des phénomènes physiques à l’échelle du bassin. A l’aide de données de la station hydrométrique, l’amplitude
des principales composantes principales (CP) a été utilisée pour examiner les relations entre les variations de
précipitations et les extrêmes hydrologiques (inondations et sécheresses, par exemple) pendant les saisons d’été
au cours de la dernière décennie. L’émergence de ces régimes de précipitations importantes révéle clairement les
liens possibles avec les processus hydrologiques, et les oscillations par rapport à l’amplitude des CP majeures sont
conformes aux extrêmes hydrologiques observés. Bien que les inondations dans certaines sections de la rivière
Yangtze aient été, dans une certaine mesure, liées aux activités humaines, telles que la suppression des zones
humides, les variations des régimes de précipitations importantes ont été reconnues comme la principale cause
des débits extrêmes associés aux inondations et aux sécheresses. Les résultats indiquent que des signaux hydro-
météorologiques lointains de variations de précipitations à grande échelle sur un vaste bassin fluvial tel que celui
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du Yangtze, peuvent être identifiés avec succés à l’aide de l’analyse EOF. Les régimes de précipitations recon-
struits, et leurs sauts d’amplitude de basse fréquence en relation avec les CP, sont des pistes précieuses pour aider
à comprendre l’association entre les variations de précipitations et la survenue des phénomènes hydrologiques
extrêmes. Une telle étude peut certainement aider à l’atténuation des catastrophes et à la prise de décision en
matière de gestion des ressources en eau.
Mots clefs régime de précipitations; données TRMM/PR; fonction orthogonale empirique (EOF); extrêmes hydrologiques
INTRODUCTION
Climate variations are the result of exceedingly com-
plex nonlinear interactions between many degrees of
freedom or modes in relation to hydro-meteorology,
making those weather patterns less predictable
(Lorenz 1970, Hannachi 2004). The most adverse
global warming impact on human beings and ecosys-
tems could be the increasing frequency of extreme
hydrological events (Fowler and Hennessy 1995,
IPCC 2007, Wentz et al. 2007), as evidenced by an
ongoing intensification of different hydrological com-
ponents in the water cycle (Trenberth 1999, Easterling
et al. 2000, Huntington 2006). The natural variability
in the climate system may also severely alter the risk
levels of hydrological extremes (e.g. storms, floods
and droughts), especially in a large river basin (Fowler
and Hennessy 1995). To improve the disaster mitiga-
tion, weather and climate have often been character-
ized by patterns with nonlinearity and high dimen-
sionality (von Storch and Zwiers 1999, Hannachi
2004). For a large river basin, there are many existing
independent or interdependent precipitation patterns
at different scales that control the hydrological pro-
cesses and affect the hydrological extremes. Since
these extremes are often a result of the interaction
or overlay of a variety of hydro-meteorological pro-
cesses. amplitudinal dynamics of these precipitation
patterns may be a valuable clue for further study
of hydrological extremes. Improved understanding of
physical mechanisms connected to these precipita-
tion patterns may certainly contribute to the creation
of adaptive water resources management strategies,
making us less vulnerable and more resilient to future
climate conditions (Smith et al. 2000).
The Yangtze River is the longest river in China.
Floods are deemed a natural hazard in its middle and
lower reaches (Becker et al. 2006). In the past decade,
human-induced changes such as the construction of
the Three Gorges Dam, and climate change impacts
such as abnormal rainfall intensity and flooding,
especially during the summer seasons, resulted in
tremendous economic loss (Yin and Li 2001). Thus,
deeper hydrological studies play an important role
in engineering practices for water resources manage-
ment (Katz et al. 2002). Many of the hydrological
extremes occur largely as a result of precipita-
tion dynamics (Schuurmans and Bierkens 2007).
Recognizing the precipitation patterns is critical to
characterizing the physical implications associated
with complex nonlinear interactions between varying
degrees of precipitation modes and their embedded
dimensionality. In general, precipitation modes can
be derived from precipitation data acquired from a
limited number of gauges. Parameterization of hydro-
meteorological processes by means of statistical anal-
ysis has been widely used in modern hydrology (von
Storch and Zwiers 1999). Although statistical models
play an important role in translating data into infor-
mation, limited gauge data sometimes cannot reveal
sufficient spatial variability. Applications of remote
sensing to help analyse hydrological patterns enable
us to address these previously unsolved questions
(Engman 1996).
Previous studies have suggested that remotely
sensed data could provide great benefits to existing
hydrological systems analysis and water resources
management (Makkeasorn et al. 2008); yet, the appli-
cation potential was still limited by modelling skill
(Kite and Pietroniro 1996). One reason for this barrier
is the lack of mathematical tools to convert remotely
sensed data into the type of information that can fit
seamlessly into the actual needs of water resource sys-
tems (Kite and Pietroniro 1996). As we move from
a data-poor to a data-rich era, due to the advances
of remote sensing technologies, knowledge discovery
via a plethora of data-mining and machine learn-
ing techniques becomes promising when one is faced
with massive data sets (Miller and Han 2001).
Since 1998, the availability of monthly accu-
mulated data acquired by the Precipitation Radar
(PR) onboard the Tropical Rainfall Measuring
Mission (TRMM/PR) has allowed us to investi-
gate precipitation change at a much higher spatial
resolution (0.25◦ × 0.25◦). The Empirical Orthogonal
Function (EOF) is one of decomposition procedures
that have been used to investigate the spatio-temporal
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patterns of hydro-meteorological processes, thus
allowing retrieval of the main variance characters
of meteorology. Advances of remote sensing and
image processing techniques such as EOFmay further
help to retrieve spatio-temporal patterns of hydro-
meteorological conditions that otherwise cannot be
achieved by point measurements at the ground level.
It can be hypothesized that some of the most impor-
tant oscillations in the climate system can be derived
from EOF analysis (von Storch 1995) and, there-
fore, the objectives of this study are to: (a) extract
the spatio-temporal patterns of the precipitation vari-
ance from the satellite-derived TRMM/PR data by
using EOF analysis, and (b) examine the possible rela-
tionship between the hydrological extremes and the




The Yangtze River in China runs 6380 km from
the Qinghai-Tibetan Plateau eastward into the Pacific
Ocean. It has a drainage area of 1.8 × 106 km2 and a
remarkable spatial variation in precipitation (Fig. 1).
Traditionally, the Yangtze River Basin (24◦30′–
35◦45′N, 90◦33′–121◦45′E) can be divided geograph-
ically into the Upper reaches, which run from the
source of the river to Yichang with a steep fall of
about 5100 m; the Middle reaches, which lie between
Yichang and Hukou with a fall of about 50 m; and
the Lower reaches, which run from Hukou down to
the ocean with a fall less than 20 m. Accounting for
one-fifth of the national land area, the Yangtze River
Basin contributes up to 40% of GDP and 33% of the
agricultural production in China (Yang et al. 2009),
making the area vulnerable to extreme hydrological
events. Flooding has been a major problem affecting
many well-developed, densely-populated cities along
the river corridor. The increasing incidence of floods
and droughts often resulted in widespread disruption
of daily life. One of the recent major floods, which
occurred in 1998, caused 14 million homeless and
US$ 24 billion in economic loss (Yin and Li 2001).
Intensive debate linking the extremes with exten-
sive human-induced changes, such as the construc-
tion of the Three Gorges Dam, has always received
wide attention (Li 2009). Therefore, understanding
the variation and patterns of the climate system is a
critical part of vulnerability assessment in association
with human society and the environment.
Gauged and satellite-derived precipitation data
The study of precipitation patterns has often been
limited by insufficient data due to limited point mea-
surements (Becker et al. 2006). The TRMM/PR
satellite data were collected by the first space-borne
radar designed to measure the vertical structure of
tropospheric precipitation (Kawanishi et al. 2000),
and this has greatly promoted the understanding of
precipitation change (Adler et al. 2003, Kummerow
et al. 1998), as evaluated by a comprehensive Ground
Validation (GV) programme (Marks et al. 2000,
Krajewski et al. 2003). In this study, monthly accu-
mulated rainfall derived from the TRMM/PR data
(3B43 Version 6) were adopted, and stored with a
geographical grid of 0.25◦ × 0.25◦. In addition to
Fig. 1 Map of the study area in China and major gauge stations mentioned in this study.
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the satellite-derived TRMM/PR data, some local data
of rainfall, runoff and water level collected by gauge
stations were also used as leverage in this study.
This study was performed by a two-stage anal-
ysis. First, the spatial patterns of precipitation were
extracted based on 132 monthly image sequences over
a 11-year period; this step was followed by a focused
analysis based on data collected in summer sea-
sons (June–August), amounting to 33 monthly image
sequences. With this nested structure, information
on the spatial patterns of precipitation can be sig-
nificantly connected to hydrological extreme events,
eventually leading to the investigation of the phys-
ical mechanisms associated with these hydrological
extremes via the EOF analysis. Although the length
of sequences is relatively short, with the advantage
of good spatial resolution in the TRMM/PR data,
the EOF analysis can ultimately retrieve the spatial
patterns (Fig. 2).
Empirical orthogonal function (EOF)
Precipitation variations are in line with complex non-
linear interactions between varying degrees of modes
characterized by nonlinearity theory with the empha-
sis on high dimensionality. Consequently, the chal-
lenge is to reduce the dimensionality of the system
Data collected for hydro-meteorology
Eigenvalues 
Investigation on the connection 
with hydrological extremes 
EOFs Amplitudes in PCs
TRMM/PR image 
sequences






EOF for knowledge 
extraction 
Fig. 2 Flowchart of the pattern recognition and investiga-
tion of the connection to hydrological extremes.
and discover the most important patterns explain-
ing the variations (Hannachi 2004). EOFs have been
used in atmospheric science since the early 1950s
(Fukuoka 1951, Obukhov 1960, Lorenz 1970) and
EOF techniques are deeply rooted in statistics, espe-
cially in principal component analysis (PCA).
In this study, the EOF analysis was used to
explore the precipitation patterns that contribute to the
identification of the principal precipitation variance
in two major dimensions. One dimension represents
the spatial structure and the other is the tempo-
ral sampling dimension associated with the monthly
TRMM/PR data. EOF analysis leads to a linear trans-
formation of the original data, producing a new set
of orthogonal functions, by which we may efficiently
exclude redundant information and simplify the rel-
evant factors (Bjornsson and Venegas 1997). The
basic principle of EOF analysis is to decompose a






where i = 1, . . . , m; j = 1, . . . , n; m is the number
of sites (or grids); n is the time series length; φij are
the ith components of the jth random vector for the
centralized and normalized data; Uki are the weight
coefficients representing the contribution of the ith
site in the kth component (in other words, Uki are
the components of the eigenvectors of the correlation
matrix); and zkj are the time-dependent functions of
the kth component of expansion (the so-called ampli-
tude functions or principal components, PCs). Note
that the weight coefficients Uki vary between the time
series but are constant in time.
The EOFs are the eigenvectors of the data covari-
ance matrix whose elements are formed from the
difference between observations and their long-term
means. The relative importance of any individual
EOF to the total variance in the field is measured
by its associated eigenvalue. Each EOF is associated
with a series of time coefficients that describe the time
evolution of the particular EOF.
In practice, the eigenvalues were often sorted in
a decreasing order within the corresponding eigen-
vectors. Thus, the first several leading EOFs can best
explain the principal variance of precipitation. The
term of leading EOFs is also interchangeable with the
geographically weighted PCA in geophysics. Because
the eigenvectors form an orthogonal Euclidean space,
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EOFs are orthogonal and the PCAs are uncorrelated.
Physically, an EOF can be understood as a spatial
standing wave. During the evolution, all spatial vari-
ables only move up and down, but remain in the same
forms or positions collectively.
The eigenvalues produced by EOF are not nec-
essarily distinctive and some may have degeneration
(i.e. multiplicity is greater than one); patterns derived
from the EOF analyses associated with little climate
physics can be misleading at times (Dommenget and
Latif 2002). Therefore, the separation between eigen-
values can be problematic when two or more are
degenerated. In practice there are two main ways to
compute the uncertainty of the eigenvalues and/or
the eigenvectors. The first one, which is used here,
is based on a rule of thumb, referred to herein as the
North rule (North et al. 1982). Alternatively, one can






λj − λk αj (2)
where λj is the closest eigenvalue to λk , n is the
sample size and α is the measurement of uncertainty.
RESULTS
Precipitation patterns from EOF analysis
The EOF analysis efficiently extracted large-scale
spatial patterns of precipitation using the satellite-
derived TRMM/PR data around the Yangtze River
Basin. The test results using the North rule show
that the first seven EOFs are clearly separated (at
the 95% confidence level) (Fig. 3). The first two
eigenvalues of the spectrum (Fig. 3) correspond to
the oscillation of the seasonal cycle and are clearly
mutually independent. Because the eigenvalues were
sorted in a descending order, principal variance
mainly comes from the first several EOFs (i.e. the
first 10 EOFs can explain about 81% of the total
variability collectively; Table 1).
The first six EOF patterns (Fig. 4) have a rela-
tively clear integrated spatial structure; but the spatial
structures of succeeding patterns become scattered
and gradually blurred. The first two leading EOFs
closely match the general circulation of atmosphere
and sea–land monsoons (Kumar et al. 1999, Lu 2001,
Xu et al. 2004, Sui et al. 2007): EOF1 describes
Fig. 3 Spectrum of the first 15 eigenvalues.
Table 1 Eigenvalues and explanatory weights of the major
EOFs.
EOF1 EOF2 EOF3 EOF4 EOF5
Value 55.7 21.8 7.7 6.2 4.6
Weight (%) 42 17 6 5 3
EOF6 EOF7 EOF8 EOF9 EOF10
Value 3.6 2.7 1.9 1.8 1.6
Weight (%) 3 2 1 1 1
Note: %: proportion of total variance that can be explained by the
corresponding EOF.
42% of the variability in precipitation and shows a
marked high value centred in the southwest, indi-
cating that the strong impact from the South Asian
monsoon dominates the physical mechanism; and
EOF2 describes 17% of the remaining variability and
shows a high value centred in the southeast, indicating
that the impact from the East Asian monsoon domi-
nates some of the remaining physical mechanism.
From precipitation pattern to hydrological
extreme
The precipitation behaviours often cross catchment
boundaries. Furthermore, the spatial patterns and PCs
extracted from EOF analysis may be sensitive to the
choice of spatial domain and the time period; there-
fore, the physical implications of the EOF analysis
may differ in time and space when our time window
and study area changes. There are many characteristic
weather systems during different seasons in East Asia,
such as monsoon, tropical cyclones, persisting north-
west and northeast winds and cold surges in winter.
The precipitation is controlled by different meteoro-
logical mechanisms from season to season accord-
ingly. Normally, the physical mechanism is relatively
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Fig. 4 The first six EOFs of the monthly mean precipitation around the Yangtze River Basin.
Fig. 5 Intra-annual distribution of precipitation.
stable for a specific season. The intra-annual distribu-
tion of precipitation (Fig. 5) shows that high precipita-
tion episodes mainly occur between June and August,
accounting for about 60% of the yearly precipitation.
Therefore, we targeted summer months from June to
July and even into August during 1998–2008 as our
study period to investigate the precipitation patterns
and possible connection with the hydrological pro-
cesses. In view of the scale and attributes required for
a hydrological systems analysis, this study was strictly
limited to the Yangtze River Basin.
Catchment precipitation patterns
According to the North rule, the first leading EOF
normally shows good spatial independence (von
Storch 1995). The eigenvalue associated with each
EOF indicates that the precipitation variance in the
Yangtze River Basin comes mainly from the first EOF,
and the first three EOFs can explain 92% of precipita-
tion variance during the summer season. A summary
of the statistics can address two important factors
(Table 2). In Table 2, whereas % stands for the propor-
tion of total variance explained by the corresponding
EOF,
∑
% represents the cumulative proportion of
total variance explained by the first few EOFs collec-
tively.
The first four precipitation patterns (Fig. 6) show
that EOF1 exhibits a bimodal distribution, with one
high value around the southwest (upper reaches) and
another near the middle reaches. This pattern affects
part of the upper and the middle river basin. Within
this pattern, the region with low EOF1 values is in
the northwest. The EOF2 pattern originates from the
southeast, with its high value associated with two sec-
ondary tributaries, Poyang and Dongting, and its low
value in the northeast. For EOF3, the high value epi-
centre is mainly situated in the lower Yangtze River.
The epicentre of EOF4 is not as integral as the previ-
ous ones, indicating that this pattern has become less
independent of physical mechanisms.
PCs and explanation for summer hydrological
extremes
The first three PCs are standardized to have zero
mean and unit variance (Fig. 7). The time series
of PC1 shows two obvious extremes, the highest
in 1998 and the lowest in 2006. These values are
hydrologically indicative of the flood in 1998 and the
drought in 2006. The second principal component,
Table 2 Explainable weights of the first five EOFs.
EOF1 EOF2 EOF3 EOF4 EOF5
% 84.9 5.8 1.9 1.5 0.8∑
% 84.9 90.7 92.6 94.1 94.9
Precipitation patterns and associated hydrological extremes 1321
Fig. 6 Spatial patterns of the first four EOFs of precipitation over the Yangtze River Basin (unit: dimensionless).
PC2, is similar to PC1 with the exception of 2006.
The most evident variability in PC3 is the abruptly
high value in 1999 indicating the inherent linkage
with the flood in 1999. Hence, the three most typi-
cal hydrological extreme events (or disasters) in the
Yangtze River during the study period (Yu et al.
2000, Yin and Li 2001, Yang et al. 2009) provide
strong linkages between the precipitation patterns and
the hydrological extremes via the EOF analysis, as
depicted in terms of both the amplitudes associated
with index time series in relation to PCs and the cor-
responding spatial structures. These linkages, based
on gauge observations, are summarized below:
(a) Flood in 1998: In 1998, the entire Yangtze
drainage area suffered from tremendous
flooding. The water levels recorded were
much higher than the historical maximum
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Fig. 7 Time series of the first three PCs in which the
amplitudes are normalized between ±1.
along 359 km of the middle river bank, and
the duration of high water levels lasted more
than 70 days. The economic loss was up to 166
billion yuans (US$ 24 billion). This hydrological
extreme is tied to the high amplitudes in both
PC1 and PC2. In addition, the serious inunda-
tion areas are also consistent with EOF1 and
EOF2 in space. Previous studies indicated
that summer 1998 was marked by relatively
strong southerly winds met by northerly winds
at higher latitudes (Becker et al. 2006). Such
conditions lead to the extensive transport of
humid air masses to central China, forming
two high-precipitation epicentres, which are
intimately linked with the EOF1 structure
identified. This amplitude extreme resulted in a
substantially high precipitation episode between
June and August (670 mm, 1–1.5 times more
than the usual average).
(b) Flood in 1999: Another catastrophic flood
occurred in the lower Yangtze River in 1999
(Taihu basin). Precipitation was 672.8 mm dur-
ing the Mei-Yu (monsoon) season, which was a
historical maximum since 1928, and the flood-
water level in Taihu Lake was 0.42 m higher
than the historical record in 1954 (Yu et al.
2000). The direct economic loss was 13.2 billion
yuans (US$ 1.9 billion). Spatially, EOF3 exhib-
ited a close connection with the lower Yangtze
River (Fig. 6). The most remarkable oscillation
in PC3 is the abrupt jump in 1999, and the
high precipitation epicentre of EOF3 coincides
closely with the 1999 flood in the Taihu basin
(Fig. 7).
(c) Drought in 2006: In contrast, the Yangtze River
was gripped by a rare drought in summer 2006,
as evidenced by the historically low water level
in many sections of the river. Suffering from the
worst drought of the past 50 years, water supplies
for nearly 7.5 million people were threatened in
Chongqing (the upper reaches of Yangtze), while
the agricultural sector also suffered. This blister-
ing drought can be spatially connected to EOF1,
as signified by the PC1 oscillation in 2006 (Figs
6 and 7). A possible explanation for the lower
precipitation is an extremely weak amplitude in
PC1 (southwest epicentre in EOF1). Although
this amplitude also appears in the southeast epi-
centre in EOF1, the relatively strong amplitudes
in PC2 and PC3 compensated for some pre-
cipitation loss caused by EOF1 in the middle
reaches.
In the past decades, floods were largely considered
to be a consequence of human activities in the mid-
dle reaches of the Yangtze River Basin (Yin and
Li 2001) due to extensive reclamation of the lake
wetlands. Since the 1960s, reclamation of Dongting
Lake has decreased from 4350 to 2625 km2, which
has considerably reduced its capacity for floodwa-
ter storage. From the above analysis, however, the
abrupt jump of amplitude in PCs and the spatial
structure match the relevant hydrological extremes.
Consequently, although the floods and droughts in
the middle reaches of the Yangtze were highlighted
by human activities resulting in rising water lev-
els in certain regions, the oscillation in precipita-
tion pattern is still deemed as the primary driving
force, regardless of human activities at the basin
scale.
DISCUSSION
Precipitation is closely related to regular water vapour
convection and its vertical movement. In the Yangtze
River Basin, the summer moisture transport is mainly
from the South China Sea, the Bay of Bengal and
the East China Sea (Huang et al. 2007, Zhang et al.
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2008). A correlation exists between long-distance
moisture transport and long-distance vapour trans-
port readily available for heavy rainfall in some key
regions (Xu et al. 2004). These key regions are
closely related to the epicentres in precipitation pat-
terns extracted from the EOF. The North Pacific
Subtropical High frequently meets cold air from the
north over the Yangtze River Basin during the flood
season. The shift between stronger and weaker pat-
terns is often associated with atmospheric convection
activities (Lu 2001, Sui et al. 2007). Interactions
between these factors might result in more or less
humid air masses that can be readily transported to
central China from the Pacific and Bay of Bengal,
altering precipitation patterns over the Yangtze River
Basin (Kumar et al. 1999, Becker et al. 2006). The
change of these factors served as the mechanism of
dynamics in the PCs.
Compared with the spectrum of eigenvalues for
EOF1 and EOF2 (Fig. 3), the structural characteris-
tics of EOF1 (Fig. 5) can also be explained as two
independent centres: one originates from the south-
west and the other from the southeast, simultaneously.
Although eventually unified as one pattern, these
two epicentres may be fostered by different physi-
cal mechanisms, just as they would appear in the
Pacific Ocean and Bay of Bengal in the Indian Ocean.
However, the complexity inherent in the climate data
requires using more statistical tools to gain insights
in relation to climate variations or changes (Hannachi
et al. 2009).
If the patterns obtained are associated with cer-
tain physical mechanisms, they are valuable clues
to further future studies in regard to: (a) flood
and drought mitigation based on the spatial scale
and temporal amplitude, (b) hydrological mod-
elling in regard to establishing numerical schemes
with spatially variable groups based on the pat-
terns’ characteristics indicating sensitive areas for
model set-up and (c) relocating the distribution
of precipitation gauge stations to ensure monitor-
ing efforts can reflect independent information in
space.
Although the EOF analysis has the advantages of
characterizing the dominant spatial pattern of vari-
ability, and producing the index time series that
explains the greatest amount of variability (EOF pat-
terns and time series are linearly independent), the
EOF analysis is sensitive to the choice of spatial
domain and time period, e.g. features can be mixed
between EOFs if their eigenvalues are similar and the
degrees of freedom in the time series are too small.
Further, there is no guarantee that each EOF pattern
has physical meaning.
CONCLUSIONS
Climate is regarded as the aggregation of (random)
daily weather and considered to be the long-term
statistics of weather. These weather data are highly
correlated with space and time and often exhibit non-
linearity with high dimensionality. The EOF analysis
in this study constitutes a fundamental tool to help
explore the inherent patterns based on a large-scale
remote sensing database, and explain the primary
variability through the decomposition of a space–
time field. With the advantages of spatial distribution,
patterns derived from TRMM/PR data with high spa-
tial resolution lead to a more reliable interpretation
of spatial and temporal variability of precipitation.
Such an EOF analysis uniquely shows that long-
distance climatic signals of large-scale precipitation
variations can be accurately identified with the aid
of TRMM/PR data. The precipitation patterns asso-
ciated with their PCs may facilitate the interpretation
of typical hydrological extremes, especially for some
low frequency hydrological events in recent years.
The abrupt jump of amplitude in PCs shows that
the oscillation embedded in index time series data
is intimately associated with the runoff extremes,
namely floods and droughts, regardless of possible
anthropogenic impact. Thus, precipitation patterns are
valuable avenues to help forecast runoff extremes and
aid in decision-making for disaster mitigation.
Because the spatial patterns and PCs extracted
from the EOF analysis can be sensitive to the choice
of spatial domain and time period, the analysis of tem-
poral and spatial scales should be decided cautiously
to ensure that the patterns are extracted with proper
physical meanings. The TRMM/PR data are strong
in spatial resolution but relatively weak in temporal
resolution. Technically, further analysis for consolida-
tion should (a) compare patterns by varying data, time
and space transformation, and (b) study PCs associ-
ated with periodic characteristics based on long-term
time series from gauged data.
Acknowledgements This work was financially sup-
ported by the National Key Basic Research Program
of China (no. 2012CB417003) and the Natural
Science Foundation of China (no. 40801040).
Constructive comments from anonymous reviewers
are gratefully acknowledged.
1324 Zhandong Sun et al.
REFERENCES
Adler, R.F., et al., 2003. Status of TRMM monthly estimates of
tropical precipitation. Meteorological Monographs, 29 (51),
223–223.
Becker, S., Gemmer, M., and Jiang, T., 2006. Spatiotemporal anal-
ysis of precipitation trends in the Yangtze River catchment.
Stochastic Environmental Research and Risk Assessment, 20
(6), 435–444.
Bjornsson, H. and Venegas, S.A., 1997. A manual for EOF and SVD
analyses of climate data. Montréal: McGill University.
Dommenget, D. and Latif, M., 2002. A cautionary note on
the interpretation of EOFs. Journal of Climate, 15 (2),
216–225.
Easterling, D.R., et al., 2000. Climate extremes: observations, model-
ing, and impacts. Science, 289 (5487), 2068–2074.
Engman, E.T., 1996. Remote sensing applications to hydrol-
ogy: future impact, Hydrological Sciences Journal, 41 (4),
637–647.
Fowler, A.M. and Hennessy, K.J., 1995. Potential impacts of global
warming on the frequency and magnitude of heavy precipita-
tion. Natural Hazards, 11 (3), 283–303.
Fukuoka, A., 1951. A study of 10-day forecast (A synthetic report).
The Geophysical Magazine, XXII, 177–218.
Hannachi, A., 2004. A primer for EOF analysis of climate data.
Reading: University of Reading.
Hannachi, A., et al., 2009. Independent component analysis of cli-
mate data: a new look at EOF rotation. Journal of Climate, 22
(11), 2797–2812.
Huang, R.H., Chen, J.L., and Huang, G., 2007. Characteristic’s and
variations of the East Asian monsoon system and its impacts on
climate disasters in China. Advances in Atmospheric Sciences,
24 (6), 993–1023.
Huntington, T.G., 2006. Evidence for intensification of the global
water cycle: review and synthesis. Journal of Hydrology, 319
(1–4), 83–95.
IPCC (Intergovernmental Panel on Climate Change), 2007. Climate
change 2007: Synthesis report. Geneva: IPCC, p. 104.
Katz, R.W., Parlange, M.B., and Naveau, P., 2002. Statistics
of extremes in hydrology. Advances in Water Resources,
25 (8–12), 1287–1304.
Kawanishi, T., et al., 2000. TRMM precipitation radar. Remote
Sensing and Applications: Earth, Atmosphere and Oceans,
25 (5), 969–972.
Kite, G.W., and Pietroniro, A., 1996. Remote sensing applications in
hydrological modelling. Hydrological Sciences Journal, 41 (4),
563–591.
Krajewski, W.F., Ciach, G.J., and Habib, E., 2003. An analysis of
small-scale rainfall variability in different climatic regimes.
Hydrological Sciences Journal, 48 (2), 151–162.
Kumar, K.K., Rajagopalan, B., and Cane, M.A., 1999. On the weak-
ening relationship between the Indian monsoon and ENSO.
Science, 284 (5423), 2156–2159.
Kummerow, C., et al., 1998. The Tropical Rainfall Measuring
Mission (TRMM) sensor package. Journal of Atmospheric and
Oceanic Technology, 15 (3), 809–817.
Li, J., 2009. China: scientists line up against dam that would alter
protected wetlands. Science, 326 (5952), 508–509.
Lorenz, E.N., 1970. Climate change as a mathematical problem.
Journal of Applied Meteorology, 9, 325–329.
Lu, R., 2001. Interannual variability of the summertime North Pacific
subtropical high and its relation to atmospheric convection over
the warm pool. Journal of the Meteorological Society of Japan,
79 (3), 771–783.
Makkeasorn, A., Chang, N.B., and Zhou, X., 2008. Short-term
streamflow forecasting with global climate change
implications—a comparative study between genetic progra-
mming and neural network models. Journal of Hydrology, 352
(3–4), 336–354.
Marks, D.A., et al., 2000. Climatological processing and prod-
uct development for the TRMM Ground Validation Program.
Physics and Chemistry of the Earth Part B - Hydrology Oceans
and Atmosphere, 25 (10–12), 871–875.
Miller., H.J. and Han., J., 2001. Geographic data mining and know-
ledge discovery: an overview. In: H.J. Miller and J. Han, eds.
Geographic data mining and knowledge discovery. London:
Taylor and Francis.
North, G.R., et al., 1982. Sampling errors in the estimation of empir-
ical orthogonal functions. Monthly Weather Review, 110 (7),
699–706.
Obukhov, A.M., 1960. The statistically orthogonal expansion of
empirical functions. Bulletin of the Academy of Science USSR,
Geophysics (English translation), 288–291.
Schuurmans, J.M. and Bierkens, M.F.P., 2007. Effect of spatial dis-
tribution of daily rainfall on interior catchment response of a
distributed hydrological model. Hydrology and Earth System
Sciences, 11 (2), 677–693.
Smith, B., et al., 2000. An anatomy of adaptation to climate change
and variability. Climatic Change, 45 (1), 223–251.
Sui, C.H., Chung, P.H., and Li, T., 2007. Interannual and inter-
decadal variability of the summertime western North Pacific
subtropical high. Geophysical Research Letters, 34 (11),
L11701.
Trenberth, K.E., 1999. Conceptual framework for changes of
extremes of the hydrological cycle with climate change.
Climatic Change, 42 (1), 327–339.
von Storch, H., 1995. Spatial patterns: EOFs and CCA. In: Analysis of
climate variability: Application of statistical techniques. Berlin:
Springer-Verlag, 227–257.
von Storch, H. and Zwiers, F.W., 1999. Statistical analysis in climate
research. Cambridge: Cambridge University Press.
Wentz, F.J., et al., 2007. How much more rain will global warming
bring? Science, 317 (5835), 233–235.
Xu, B.D., et al., 2004. Hydrology-meteorology correlation model with
strong signal regions during flood of Yangtze River Valley.
Journal of Yangtze River Scientific Research Institute, 21 (3),
16–20.
Yang, G.S., Ma, C.D., and Chang, S.Y., 2009. Yangtze conservation
and development report. Wuhan: Yangtze Press.
Yin, H.F. and Li, C.G., 2001. Human impact on floods and flood
disasters on the Yangtze River. Geomorphology, 41 (2–3),
105–109.
Yu, X.G., et al., 2000. 1999 heavy flooding in the Taihu Basin:
investigation, analysis and further suggestions on the inte-
grated harnessing in the basin. Journal of Lake Science, 12 (1),
1–5.
Zhang, Z.X., et al., 2008. Spatial-temporal properties of mois-
ture budget and associated large-scale circulation in the
Yangtze River Basin. Journal of Lake Science, 20 (6),
733–740.
